Spina bifida aperta (SBA), one of the most common congenital malformations, causes various 29 neurological disorders. Pain is a common complaint of patients with SBA. However, little is 30 known about the neuropathology of SBA-related pain. Because loss of γ-aminobutyric acid 31 (GABA)ergic neurons in the spinal cord dorsal horn is associated with pain, we hypothesized the 32 existence of cross-talk between SBA-related pain and alterations in GABAergic transmission in 33 the spinal cord. Therefore, we investigated the kinetics of GABAergic transmission in the spinal 34 cord dorsal horn in a chicken model of SBA. Neonatal chicks with SBA exhibited various pain- 35 like behaviors, such as an increased number of vocalizations with elevated intensity (loudness) 36 and frequency (pitch), reduced mobility, difficulty with locomotion, and escape reactions.
for 10 min each in PBS and reacted with the secondary antibodies for 2 h at room temperature. 141 After rinsing three times for 10 min each in PBS, the avidin-biotin-peroxidase complex (1:300; 142 Dako, Glostrup, Denmark) was applied for 1 h at room temperature. The sections were immersed 143 in 3,3-diaminobenzidine (DAB) (Sigma) containing 0.0033% H 2 O 2 for approximately 10 min. 144 After rinsing with distilled water, the sections were dehydrated, mounted, and visualized under a 145 light microscope (Nikon, Tokyo, Japan) . 146 Antibody specificity was tested using a negative staining procedure with normal rabbit IgG 147 (1:250; Dako, Glostrup, Denmark) instead of the primary antibodies; the samples were processed 7 148 as described above. There was a lack of non-specific staining (data not shown). 150 For quantitative analysis of GABA-expressing neurons, serial coronal sections (7 µm) from the 151 location of the open defect (exposed area) of the lumbar cord in the SBA chicks, and from a 152 similar location in the normal chicks, were stained with a rabbit polyclonal anti-GABA antibody 153 (1:1,500; Sigma). The tissues were observed under a Nikon Eclipse E800 light microscope, and 154 images were acquired using a charge-coupled device (CCD) camera attached to the microscope 155 (Nikon Digital Sight DS-L2). For analysis of GABA-expressing neurons, all GABA-156 immunopositive cells with a rounded profile in superficial dorsal horn laminae I-III were 157 considered and counted. The total number of neurons in the superficial dorsal horn on each side 158 of the spinal cord was calculated and averaged across six cross sections per chick at each age; 159 each group comprised six chicks of each age.
149

Quantitative analysis of GABAergic neurons
160
For quantitative analysis of PV-, CB-, and CR-expressing neurons, serial coronal sections 161 were stained with mouse monoclonal anti-PV (1:500; Sigma), mouse monoclonal anti-CB, or 162 mouse monoclonal anti-CR (1:500; SWANT) antibody, and PV-, CB-, and CR-immunopositive 163 cells were enumerated as described above. 165 The GABAergic immunoreactivities in the dorsal horn lamina I-III of the open defect in the spinal 166 cord of SBA chicks, and at a similar location in normal chicks, were measured using ImageJ 167 software (National Institutes of Health, Bethesda, MD, USA). To correct for background, three 168 background intensity readings were taken per image. These readings were averaged and 169 subtracted from the signal intensity to yield the protein staining intensity. The intensity data are 170 presented as the mean ± SEM. Six random sections per chick at each age in each group were 171 analyzed for quantification; each group comprised six chicks of each age.
164
Measurement of staining intensity
172
Immunofluorescence staining immunofluorescence staining, the sections were incubated for 60 h at 4°C in a solution containing 175 rabbit polyclonal anti-GABA (1:3,000; Sigma) plus mouse monoclonal anti-CB or mouse 176 monoclonal anti-CR (1:1000; SWANT) antibodies; and rabbit polyclonal anti-caspase 3 (1:1000; 177 Bioss) plus mouse monoclonal anti-CB (1:1000; SWANT) antibodies. After washing in PBS, the 178 sections were treated for 2 h at room temperature with an Alexa Fluor 546-conjugated goat anti-179 rabbit IgG (H+L) (1:1,000; Invitrogen) or an Alexa Fluor 488-conjugated goat anti-mouse IgG 180 (H+L) (1:1,000; Invitrogen) and 4′,6-diamidino-2-phenylindole (DAPI), washed with PBS, 181 mounted with Vectashield (Vector Laboratories), and visualized using a Nikon A1 confocal 182 microscope equipped with a 100× objective lens (Nikon). 184 Statistical analysis was performed on the mean values and data are reported as the mean ± SEM.
183
Statistical analysis
185
The data were subjected to two-way analysis of variance (ANOVA) with the Tukey-Kramer post 186 hoc test, and P-values < 0.05 were considered to indicate statistical significance. 189 Various neurological complications were evident in neonatal chicks with SBA (Suppl. Video 1).
187
Results
188
Assessment of behavioral disorders
190
Difficulty during locomotion ( Fig. 1a ) and increased numbers of vocalizations ( Fig. 1b) , with 191 greater intensity (loudness) and frequency (pitch; Fig. 1c ), were observed in SBA chicks 192 compared with control chicks during the early neonatal period. Chicks with SBA also showed 193 reduced confidence in mobility, escape reactions, anxiety, fear or restlessness, and inappetence.
194
These behavioral changes are considered primary indicators of pain in birds [25, 26] , indicating 195 that the chicks with SBA experienced pain.
196
The sensorimotor reactions of the chicks are summarized in Table 1 . In normal chicks, toe-197 pinching resulted in withdrawal of the limb, jumping, and vocalization (Supplementary Video 2).
The responses were consistent in control chicks at PD-0, PD-2, PD-4, and PD-10; therefore, the 199 pattern was considered a normal sensorimotor reaction. In the first few hours after hatching (PD-200 0), toe-pinching elicited relatively normal reactions in SBA chicks compared to age-matched 201 control chicks. However, commencing on PD-2, the sensorimotor reactions gradually decreased; 202 there was almost no response at PD-10 (Table 1 ; Supplementary Video 1), indicating disruption 203 of the sensorimotor networks in the chicks with SBA. 205 The GABA immunoreactivity in exposed spinal cord in embryonic and neonatal chicks is shown 206 in Fig. 2 . GABA immunoreactivity was detected in the spinal cord, predominantly in dorsal horn 207 laminae I-III. Such GABA immunoreactivity in avian species is in line with mammalian studies 208 of GABA distribution in the spinal cord [27] . GABA immunoreactivity was higher in SBA chicks 209 than in normal chicks at the embryonic stage . In contrast, GABA immunoreactivity was 210 lower in SBA chicks at the neonatal stage (PD-4) compared to not only age-matched normal 211 chicks but also SBA chicks at the embryonic stage. In fact, at ED-14, GABA expression was 212 significantly higher in SBA chicks than in age-matched control chicks, whereas the opposite 213 pattern was evident at PD-4 ( Fig. 2i ). At ED-14, the number of GABA-immunopositive cells was 214 significantly higher in dorsal horn laminae I-III of SBA chicks than in the control chicks, but the 215 number decreased at PD-4 ( Fig. 2j ). 217 Figures 3, 4, and 5 show the immunoreactivities of the PV, CR, and CB calcium-binding 218 GABAergic subpopulations, respectively. PV-positive neurons were predominantly detected in 219 the ventral horn area, but also in the dorsal horn (Fig. 3) . The overall density of PV-220 immunopositive fibers in the spinal cord increased with increasing developmental stage in the 221 normal chicks (Fig. 3a-d) but not in the SBA chicks ( Fig. 3e-h) . Similarly, the number of PV-222 positive neurons in dorsal horn laminae I-III at ED-14 was greater in SBA chicks than in normal 10 223 chicks; however, after hatching (at P4), the opposite pattern was evident (Fig. 3j ). PV 224 immunoreactivity at ED-14 was significantly greater in the SBA chicks than in age-matched 225 control chicks; the opposite pattern was evident at the neonatal stage ( Fig. 3i ).
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Expression of GABA in the dorsal horn of the spinal cord
216
Expression of calcium-binding GABAergic subpopulations in the spinal cord dorsal horn
226
CR immunoreactivity in the spinal cord of the SBA and normal chicks is shown in Fig. 4 .
227
A few intensely labeled CR-immunopositive cells were observed in both the normal and SBA 228 chicks at the embryonic stage, and this was relatively prominent in dorsal horn laminae I-III of 229 the SBA chicks. Although the CR immunoreactivity of cells and fibers increased in the spinal 230 cords of neonatal normal chicks ( Fig. 4a-d) , CR immunoreactivity was lower in SBA chicks at 231 PD-4 ( Fig. 4e-h) . Additionally, the number and staining intensity (Fig. 4i, j) of CR-expressing 232 neurons in dorsal horn laminae I-III at PD-4 were significantly reduced in SBA chicks compared 233 to the control chicks.
234
CB immunoreactivity in the spinal cords of SBA and normal chicks is shown in Figure 5 . and SBA chicks (Fig. 5i, j) . In the SBA chicks, the number of CB-immunopositive cells in laminae 240 I-III during the embryonic stage was higher than in normal chicks. However, post-hatching, the 241 number and immunoreactivities of CB-immunopositive neurons were lower in SBA chicks than 242 in normal chicks. 244 To determine whether GABAergic neurons were colocalized in spinal cord dorsal horn and the (Fig. 6a, b , e, f) or CR (Fig. 6i , j, m, n) increased during the later stages of the embryonic 249 period. This staining was very strong at ED-18 ( Fig. 6f, n) , but decreased after PD-4 ( Fig. 6g, h,   250 o, p), the time point at which the SBA chicks showed severe pain-like behavioral changes ( Fig.   251 1, Suppl. Video 1). 253 To clarify the mechanisms underlying the loss of GABAergic neurons in SBA chicks, the 254 immunoreactivity of caspase-3, a marker of apoptosis, in CB-expressing neurons was evaluated 255 in the dorsal horn laminae I-III of the spinal cord (Fig. 7) . In SBA chicks, weak caspase-3 256 immunoreactivity was evident in CB-expressing neurons at ED-18 (Fig. 7v) , and moderate to high 257 caspase-3 immunoreactivity was found at PD-2 and PD-4 ( Fig. 7vi and vii) . However, most of 258 these GABAergic neurons in the dorsal horn had likely degenerated by PD-10, because only a 259 few interneuron-like structures remained at this point (Fig. 7viii ), suggesting that the degeneration 260 of GABAergic neurons in the dorsal horn of the exposed cord of the SBA chicks was due to 261 apoptosis. In addition to the GABAergic neurons, strong caspase-3 immunoreactivity was 262 observed in the tissue of the exposed cord in the SBA chicks at P4 (Fig. 7vii ), suggesting that the 263 loss of tissue area may also be due to apoptosis. dorsal horn inhibitory circuits, many of which involve interneurons that express GABA and its 273 subpopulations, is a major contributor to persistent pain [13] [14] [15] [16] [17] [18] . In this study, 274 CB-, and CR-expressing neurons were lost, and the expression levels of these factors were 275 reduced in the exposed spinal cord dorsal horns of SBA chicks at the neonatal stage (Figs. 2-6 ).
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GABAergic transmission in the dorsal horn of the spinal cord
252
Neurodegeneration in the spinal cord
276
Therefore, reduction in GABAergic transmission in the spinal cord dorsal horn may have 277 disrupted the inhibitory networks and contributed to the increased pain exhibited by SBA chicks. (Table 1) . Taken together, these findings provide 293 strong pathophysiological evidence that the loss of GABAergic transmission leads to varying 294 degrees of motor and/or sensory deficits in the spinal cord, and that this contributed to various 295 neurological complications, particularly leg movement dysfunction and pain, in SBA chicks.
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Neuronal loss due to apoptosis is an important pathophysiological component of many is reportedly associated with SBA-like motor dysfunctions [21] . In this study, caspase-3 302 immunoreactivity, a marker of apoptosis, in GABAergic neurons in the dorsal horns of SBA 303 chicks was evident at an advanced gestational stage (ED-18). Caspase-3 immunoreactivity 304 gradually increased at the early neonatal stage and was strong at PD-10, when SBA chicks 305 exhibited only a few damaged interneuron-like structures in the dorsal horn area (Fig. 7) .
306
Collectively, these findings demonstrate that reduced inhibitory transmission and increased 307 apoptotic activity in the exposed spinal cord are involved in the pathogenesis of neurological 308 complications, such as motor deficits and pain, in SBA chicks.
309
In conclusion, our findings provide evidence that early neonatal loss of inhibitory 
